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Pseudouridine is the most abundant modiﬁed nucleotide in ribosomal RNA throughout eukaryotes
and archaea but its role is not known. Here we produced mouse embryonic ﬁbroblast cells express-
ing only catalytically inactive dyskerin, the pseudouridine synthase that converts uridine to pseudo-
uridine in ribosomal RNA. The mutant dyskerin protein, D125A, was extremely unstable but cells
were able to divide and grow very slowly. Abnormalities in ribosome RNA synthesis were apparent
but mature cytoplasmic RNAs lacking pseudouridine were produced and were very unstable. We
conclude that pseudouridine is required to stabilize the secondary structure of ribosomal RNA that
is essential for its function.
Structured summary of protein interactions::
ﬁbrillarin and Dkc1 colocalize by ﬂuorescence microscopy (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Post transcriptional modiﬁcation of speciﬁc nucleotides in ribo-
somal RNA (rRNA) and spliceosomal RNA (snRNA) is carried out by
small nucleolar ribonucleoproteins (snoRNPs) [1]. The two most
frequent modiﬁcations are methylation, and pseudouridylation.
Pseudouridylation is carried out by H/ACA snoRNPs, which consist
of an H/ACA snoRNA and 4 proteins. The pseudouridine synthase is
Cbf5p, also known as Nap57 and dyskerin.
snoRNA guided pseudouridylation, the structure of H/ACA
snoRNAs and the sequence of their protein components have been
highly conserved in evolution suggesting that they play an impor-
tant functional role. Nevertheless the precise functional impor-
tance of pseudouridine is not clear. In yeast, temperature
sensitive mutants in Cbf5p show slow growth and poor rRNA syn-
thesis at the permissive temperature. Mutation of an aspartic acid
residue D95 in yeast Cbf5p (equivalent to D125 in human and
mouse dyskerin) abolishes pseudouridine formation and inhibits
18S rRNA synthesis. This aspartic acid residue is the only conserved
residue in 4 classes of pseudouridine synthases and is crucial for
activity in all enzymes tested to date. Ribosomes from the yeast
Cbf5p D95A mutant have a decreased afﬁnity for tRNA binding
and decreased translational ﬁdelity, suggesting pseudouridine inrRNA may be important in translation [2]. By deleting individual
guide RNAs in yeast it was shown that some speciﬁc modiﬁed
nucleotides can affect translational ﬁdelity and ribosome biogene-
sis [3,4].
Information on the effects of perturbed pseudouridylation in
vertebrates is scant. Mutations in the DKC1 gene encoding dyskerin
cause the X-linked form of the severe bone marrow failure syn-
drome dyskeratosis congenita (DC). Most of the features of this dis-
ease are due to altered telomere maintenance [5]. Dyskerin and the
other H/ACA snoRNP proteins are also required, in vertebrates, for
the assembly and function of telomerase. Although no pseudou-
ridylation defects or alterations in ribosome biogenesis or function
have been shown in patients [6], mouse models with mutations in
Dkc1 have decreased levels of pseudouridine in rRNA [7,8] and a
variety of other defects including changes in translational ﬁdelity
[2,9] and perturbed ribosome biogenesis [7,8]. In one case it was
shown that in Dkc1 mutant mouse cells, pseudouridylation at a
speciﬁc site was decreased and that rRNA in the cells, and in cells
from a DC patient, had altered electrophoretic mobility under con-
ditions of incomplete denaturation, suggesting changes in the sta-
bility or the secondary structure of rRNA [10]. However, a causative
relationship between the pseudouridylation status of rRNA and the
downstream effects observed in mice or in mouse cells has not
been established.
Here we have speciﬁcally ablated the pseudouridine synthase
activity of dyskerin in mouse embryo ﬁbroblasts by replacing the
Fig. 1. Scheme for isolation of Dkc1D125A MEF cells. (A) Scheme for removing
endogenous Dkc1 gene by using Cre-Loxp system. Dkc1-ﬂoxed MEF cells were
prepared from Dkc1-ﬂoxed mice [12]. (B) Scheme for isolation of MEF cells
expressing Flag-tagged dyskerin but with no endogenous dyskerin protein. MSCV-
IRES-GFP vectors containing the FLAG-tagged WT or mutant Dkc1 cDNA were
introduced into p53/ MEF cells in which the Dkc1 gene contained Loxp sites as
shown above. The MEF cells also contained the tamoxifen inducible Cre gene Cre-
ERT2. The endogenous Dkc1 gene was then by treatment with tamoxifen. Finally
cells were selected by ﬂow cytometry for those that expressed GFP and were sorted
as single cells into 96 well plates. Clones that grew were selected by PCR for those
that contained the Dkc1D125A gene and did not contain the endogenous wild type
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with a mutation that alters the catalytic aspartic acid residue,
D125. Cells expressing this protein have no detectable pseudouri-
dine in their rRNA, grow very slowly, have altered rRNA processing
and unstable mature rRNA.
2. Materials and methods
2.1. Production of MEF cells expressing mutant Dkc1 cDNAs
Dkc1 mutant (Dkc1D125A) or WT cDNAs were cloned into MSCV-
IRES-GFP vector using standard procedures. Production of viral
particles and transduction into p53/, Dkc1ﬂox MEF cells [11,12]
was carried out using standard protocols. A plasmid expressing
the Cre-ERT2 gene, that produces a tamoxifen inducible Cre [13]
was introduced using puromycin selection. 24 h after infection,
500 nM tamoxifen was added to the medium to induce the dele-
tion of the endogenous Dkc1 gene. 72 h after infection GFP positive
single cells were sorted into 96 well plates. Growing cells were ex-
panded via increasing sized wells to eventually be transferred into
10 cm dishes.
2.2. Growth rate of MEF cells
2  104 MEF cells were plated into a 24-well plate at Day 0, then
OD490 was measured from day 1 to day 5 by using CellTiter 96
Aqueous One Solution Cell Proliferations Assay (Promega, Madison,
WI).
2.3. RNA isolation
Total RNA was extracted fromMEF cells by using TRIzol Reagent
(Invitrogen, Carlsbad, CA). A rotor–stator homogenizer was used to
thoroughly disrupt and homogenize mouse tissues. Aliquots of
RNA were stored at 80 C for further use.
2.4. Real-time RT/PCR
Real-time RT/PCR was carried out using Power SYBR-Green PCR
Master Mix (Applied Biosystems, Carlsbad, California) and Super-
script II MMLV transcriptase and RNase inhibitors (Invitrogen)
and a 7900HT Real-time PCR system equipped with SDS software
(Applied Biosystems).
2.5. Senescence associated b-galactosidase (SA-b-gal) staining
Senescent cells were detected by using a b-galactosidase Stain-
ing Kit (Cell Signaling Technology, Danvers, MA), Brieﬂy, MEF cells
were plated in a 6-well plate 24 h before analysis. After washed
twice in PBS, the cells were ﬁxed for 10 min in 4% formaldehyde
and 0.2% glutaraldehyde in PBS and washed 3 times in PBS for
5 min each. The staining reaction was performed with 2 ml stain-
ing solution with 1 mg/ml X-Gal at 37 C for overnight in the dark.
2.6. Analysis of apoptosis of MEF cells
Apoptotic cells were detected by using a PE-Annexin V and SY-
TOX Green double staining method from manufacture’s protocol
(Invitrogen). Brieﬂy, 5  105 MEF cells were plated in a 10-cm dish
the day before the analysis. After harvesting, cells were washed in
1 Annexin binding buffer and suspended in binding buffer at a ﬁ-
nal concentration of about 1  106 ml. 5 ll PE Annexin V antibody
and 1 ll of the 1 lM SYTOX Green stain working solution were
added to each 100 ll cell suspension. After 30 min incubation atroom temperature, 400 ll of the Annexin binding buffer were
added and the cells analyzed by ﬂow cytometry.
2.7. Pulse chase analysis of rRNA processing
MEF cells were preincubated for 45 min in methionine-free
medium and then incubated for 30 min in medium containing L-
[methyl-3H]methionine (50 lCi/ml). The cells were then chased
in non-radioactive fresh medium for various times. Total RNA
was separated on 1.25% agarose formaldehyde gel and transfered
to nylon membrane. The membranes were sprayed with EN3-
HANCE Spray (Applied Biosystems) and exposed to X-ray ﬁlms at
80 C.
2.8. Analysis of pseudouridylation in 28S and 18S rRNA
MEF cells were cultured in phosphate-free DMEM medium for
1 h and then labeled for 3 h with [32P] orthophosphate (0.1 mCi/
ml). Total RNA was extracted by using TRIzol and electrophoresed
through a 1% agarose formaldehyde gel. The 28S and 18S rRNA
were puriﬁed by electroelution, phenol/chloroform extracted, eth-
anol precipitated, and digested with RNase T2 (Sigma) in 50 mM
ammonium acetate, pH 4.5/0.05% SDS/1 mM EDTA at 37 C. Di-
gested RNA (20000 cpm each) was analyzed by two-dimensional
cellulose TLC (EM Science, Gibbstown, NJ) by using isobutyricgene.
Fig. 2. Dkc1D125A cells grow slowly and show cell cycle arrest. (A) Growth curve of MEF cells. 2  104 MEF cells were plated into a 24-well plate at Day 0, then OD490 was
measured from day 1 to day 5 by using CellTiter 96 Aqueous One Solution Cell Proliferations Assay. (B) Cell cycle analysis of MEF cells. 5  105 MEF cells were plated into a 10-
CM dish the day before the analysis. After harvesting, cells were ﬁxed with cold 70% ethanol and then stained with freshly made propidium iodide/Triton X-100 staining
solution (0.1% Triton X-100, 0.2 mg/ml Rnase A, 20 mg/ml propidium iodide) at 37 C for 30 min before analysis by ﬂow cytometry. (C) Analysis of senescence b-Galactosidase
staining (blue). Etoposide treatment at 100 lM for 24 h is used as a positive control. (D) Analysis of apoptosis in MEF cells. Etoposide treatment at 100 lM for 24 h is used as
positive control.
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and 2-propanol/HCl/H2O (70:15:15, by volume) in the second
dimension. The TLC plates were exposed to X-ray ﬁlms at 80 C.
2.9. Western blot analysis
Total protein from cells and mouse tissues was prepared by
using RIPA lysis buffer (1TBS, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS, 0.004% sodium azide and 1protease inhibitor cock-
tail). Protein concentration was measured by using the Bio-Rad
protein assay (Bio-Rad, Hercules, CA). Relative quantitation was
carried out using Quantity One software (Bio Rad).
2.10. Antibodies
The sources of antibodies were as follows: anti-Flag (Sigma,
F7425), anti-Fibrillarin (Abcam, ab4566), anti-dyskerin was as pre-
viously described [8], anti-b-Actin was used as total protein load-
ing control (Abcam, ab20272).
2.11. Immunoﬂuorescence
Immunoﬂuorescence for Flag and Fibrillarin was performed by
using a rabbit anti-Flag and a mouse anti-Fibrillarin with astandard technique. The cells were examined at 10000 magniﬁca-
tion using a ﬂuorescence microscope (Nikon, Melville, NY, USA).
FITC, Alexa 568 and DAPI images were overlapped by using the ad-
vanced software.
3. Results and discussion
3.1. Isolation of Dkc1D125A MEF cells
FLAG-tagged mutant Dkc1 cDNA, cloned into the MSCV-IRES-
GFP vector, was introduced into p53/ MEF cells in which the
Dkc1 gene contained lox elements in intron 11 and the 30UTR
(Dkc1ﬂoxed – Fig. 1A [12]. The endogenous Dkc1 gene was then de-
leted using tamoxifen inducible Cre recombinase. Finally cells were
selected by ﬂow cytometry for those that expressed GFP from the
integrated viral DNA and were sorted as single cells into 96 well
plates (Fig. 1). Cells that could be successfully expanded into
10 cm plates were selected for further experiments. Clones that
grew were screened by PCR for those that contained the Dkc1D125A
gene and did not contain the endogenous gene. At this stage we ob-
tained 16 clones containing WT dyskerin-FLAG from 192 tested
and 2/1248 clones containing D125A-dyskerin-FLAG. Single cell
cloning was necessary because cells expressing no dyskerin may
not be viable. In addition the cloning allowed us to select for cells
Fig. 3. The D125A mutant dyskerin is extremely unstable. (A) Levels of dyskerin protein in MEF cells. 20 lg of total protein for each sample was used for Western blot with
antibodies to dyskerin and b-actin. Relative amounts are shown. (B) Effect of proteasome inhibitor (MG132) treatment on MEF cells. 10 lM MG132 was added into culture
medium 10 h before harvesting the cells for Western blot. Relative amounts are shown. (C) Total RNA was extracted from growing MEF cells. Dkc1 mRNA expression levels
were measured by real time RT/PCR using Power SYBR-Green PCR Master Mix (Applied Biosystems) and Superscript II MMLV transcriptase and RNase inhibitors (Invitrogen)
and a 7900HT Real-time PCR system equipped with SDS software (Applied Biosystems). GAPDH was used as an internal control. (D) Flag Tagged WT and D125 dyskerin show
normal sub-cellular localization. Immunoﬂuorescence was performed with a standard paraformaldehyde technique (ﬁxed in PBS buffered 4% paraformaldehyde for 10 min,
permeabilised with 0.5% Triton-PBS for 15 min, blocked with 30% normal goat serum for 1 h). Primary antibodies, Flag (Green) and Fibrillarin (Red), were used at 1/500 in 1.5%
normal goat serum for 2 h. After washing with PBS, cells were incubated with a secondary goat anti-rabbit IgG conjugated with FITC and/or Alexa 568 at 1/1000 in 1.5%
normal goat serum for 45 min. All blocking and incubation steps were carried out at room temperature. DNA was counterstained with DAPI (blue). In each case dyskerin co-
localizes with ﬁbrillarin in nucleoli and Cajal bodies.
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cells would likely outgrow those carrying the mutation. In fact
the D125A clones grew very slowly from the time of sorting with
a doubling time of approximately 1 week.
3.2. Dkc1D125A cells grow very slowly and the D125A mutant dyskerin
is extremely unstable
Both of the Dkc1D125A clones grew very slowly with a doubling
time of approximately 1 week while clones containing the WT
cDNA doubled in 2 days (WT-High – Fig. 2A). The proportion of
cells in the G2/M phase of the cell cycle was increased in both
D125A cell lines, suggesting that a G2/M cell cycle checkpoint
may be responsible for the slow cell growth (Fig. 2B). G2/M arrest
has been observed in transformed dyskerin depleted cells [14], in
yeast cells with mutated Cbf5 [15] and in ﬁbroblasts from dysker-
atosis congenita patients [16]. D125A cells also contained a signif-
icant number of cells in super G2, representing cells with more
than 4n genomic content. To determine if the slow growth was
due to increased senescence or apoptosis we stained early passage
cells for b-galactosidase (Fig. 2C) and Annexin V (Fig. 2D). D125
cells did not differ from WT cells in these assays leading us to con-
clude the slow growth is due to the delayed progression through
the cell cycle.A striking feature of both D125A cell lines was that the expres-
sion of dyskerin was very low at the protein level, 4–6% of the level
in control cell lines, but the cells contained greatly increased
amounts of Dkc1mRNA (Fig. 3A and C). The dramatically decreased
D125A protein could be partially rescued by proteasome inhibitor
(MG132) treatment (Fig. 3B). Together, these results strongly sug-
gest the D125A protein is very unstable. The extreme instability of
the mouse D125A protein might explain the inefﬁcient production
of the D125A clones if we assume that a certain minimum amount
of dyskerin is required for cell viability and that cells overexpress-
ing the transduced gene sufﬁciently to produce this amount of
dyskerin are rare. The intracellular localization of dyskerin in the
D125A cells did not differ from that in cells expressing WT dysker-
in, being restricted to nucleoli and Cajal bodies (Fig. 3D).
We do not know if the growth and cell cycle changes in D125A
cells are due to the speciﬁc D125A mutation, to the low amounts of
unstable protein, or to a combination of both. To try and solve this
problem we attempted to isolate a clone with low levels of wild
type dyskerin. Despite intensive efforts we were unable to isolate
a clone with amounts of dyskerin as low as that in the D125A cells.
The clones with the lowest dyskerin levels that we produced, an
example being WT-Low, had about half of the amount of dyskerin,
in the steady state, as untreated MEF cells. They did not grow
appreciably slower than WT cells (Fig. 2A).
Fig. 4. Dkc1D125A cells show rRNA processing abnormalities. (A) Pseudouridine in 18S and 28S rRNA from uninfected and Dkc1D125A MEF cells. MEF cells were cultured in
phosphate-free DMEM medium for 1 h and then labeled for 3 h with [32P] orthophosphate (0.1 mCi/ml). Total RNA was electrophoresed through a 1% agarose formaldehyde
gel. The 28S and 18S rRNA were puriﬁed by electroelution and digested with RNase T2 in 50 mM ammonium acetate, pH 4.5/0.05% SDS/1 mM EDTA at 37 C. Digested RNA
(20000 cpm each) was analyzed by two-dimensional cellulose TLC by using isobutyric acid/NH4OH/H2O (577:38:385) in the ﬁrst dimension and 2-propanol/HCl/H2O
(70:15:15) in the second dimension. The TLC plates were exposed to a tritium screen for 3 days and scanned with phosphorimager (GE Healthcare, Pittsburgh, USA). The
positions of the labeled ribonucleotides are indicated. (B) Pulse chase labeling experiments of rRNA isolated from uninfected, Flag-WT-High and Dkc1D125A clone 1 MEF cells.
2  106 MEF cells were cultured in methionine free DMEMmedium for 45 min and labeled with L-[methyl-3H]methionine for 300 and then chased in non-radioactive medium
for the times shown. The RNA (equal cpm per lane) was separated on a 1.25% formaldehyde agarose gel, transferred to a nylon ﬁlter and exposed to X-ray ﬁlm for 2 weeks. (C)
The gel shown in B was exposed for 3 days. (D) Pulse chase labeling experiments of rRNA isolated from uninfected, and Dkc1D125A clone 2 MEF cells. The exposure time was
2 weeks. (E) The gel shown in D was exposed for 3 days. (F) Ethidium bromide staining of the 28S and 18S RNA of D and E.
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pseudouridine
Yeast and bacterial enzymes with mutations in the highly con-
served aspartic acid residue equivalent to the mouse D125 show no
pseudouridylation activity [17,18]. To conﬁrm that the D125A cells
were similarly affected by the mutation we did not detect any
pseudouridine in mature 18S or 28S rRNA extracted and puriﬁed
from D125A cells after labeling with 32P-labeled phosphate
(Fig. 4A). We investigated pre-rRNA processing in these cells using
pulse-chase labeling with tritiated methyl methionine (Fig. 4B–F).
This provides a sensitive assay for rRNA processing because cellu-
lar pools of methyl-methionine are low, facilitating rapid wash-out
during the chase. Uninfected wild type MEF cells, MEF cells ectop-
ically expressing FLAG-tagged WT dyskerin (Flag-WT-High) and
MEF cells expressing D125A mutated dyskerin were labeled for
300 with 3H-methyl-methionine and then chased with unlabelled
methionine. The results show that in D125A cell lines (clone 1,
Fig. 4B and C; clone 2, Fig. 4D and E) there is a small delay in the
appearance of the mature rRNA species and differences in the
molecular weights of the transient precursor molecules, reﬂecting
differences in rRNA processing. In particular, species migrating
slower than the 32S and 41S precursor molecules are much more
abundant in the D125A cells than in WT cells and the abundanceof the 30S species decreases more slowly in the mutant cells.
Examination of the WT tracks reveals that the same bands are
present but at a much lower intensity (Fig. 4B), suggesting some
cleavage steps in rRNA processing, but not others, are inhibited
by lack of pseudouridine in the template. The alternative is that
low dyskerin levels and low snoRNA levels inhibit cleavage of rRNA
precursors by a different mechanism. We believe this is unlikely
because the only known cleavage events in which H/ACA snoRNPs
are essential, are those catalyzed by snR30/U17 snoRNP and lead-
ing to mature 18S RNA [19]. In D125A cells 18S and 28S rRNAs are
delayed in production to about the same extent, suggesting no spe-
ciﬁc defect in the snoRNP mediated cleavage event.
The most dramatic difference, though, is in the mature rRNAs
(Fig. 4C and E). After 300 of chase the mature 18S and particularly
28S rRNAs in both the D125A cell lines are barely labeled while
the mature rRNAs in the WT cells are strongly labeled. As the chase
continues the amount of labeled mature rRNA in the WT cells con-
tinues to increase up to 20 h of chase. In the D125A cells, however,
the label in the mature rRNA species increases up to 1500 but then
begins to decrease, with little labeled 18S or 28S rRNA remaining
after 20 h of chase. The overall levels of mature rRNAs showed
no signiﬁcant difference (Fig. 4F). This indicates that mature rRNA
in D125A cells is unstable compared with that in wild type cells.
Our previous results showed that ribosomal RNAs deﬁcient in
Fig. 5. The Dkc1D125A cells show decreased level of box H/ACA snoRNA. Decreased
levels of speciﬁc H/ACA RNAs in Dkc1D125A cells as assessed by Northern blot
analysis. 5 lg of total RNA from MEF cells was loaded in each lane and hybridized
with 32P labeled mouse H/ACA snoRNA, C/D box snoRNA and snRNA probes as
indicated.
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mobility in agarose gels after partial denaturation [10]. These re-
sults, together with the ﬁnding of rRNA instability presented here,
suggest that pseudouridine is important for stabilizing the second-
ary structure of rRNA that is essential for its function.
3.4. Decreased levels of H/ACA snoRNA but not C/D snoRNA or snRNA
in Dkc1D125A cells
We were interested to know if there may be any affect of the
D125A mutation on the stability of spliceosomal snRNAs, which
contain pseudouridine residues that are produced by dyskerin in
H/ACA snoRNA complexes. Fig. 5 shows that while H/ACA snoRNAs
are depleted in mutant cells there is no major effect on the abun-
dance of C/D snoRNAs or on snRNAs. Whether lack of pseudouri-
dine residues in snRNA affects their function remains to be seen.
In conclusion MEF cells with no pseudouridylation activity in H/
ACA snoRNPs can produce mature ribosomes. The ribosomes are
very unstable and the cells show very slow cell growth and cell
division. The results are compatible with a role for pseudouridine
in stabilizing the functional secondary structure of ribosomal RNA.
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